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utsouthwestern.edu (S. Muallem).Ca2+ entering cells through store-operated channels (SOCs) affects most cell functions, and excess
SOC is associated with pathologies. The molecular makeup of SOCs and their mechanisms of gating
were clariﬁed with the discovery of the Orais and STIM1. Another form of SOCs are the TRPCs. STIM1
gates both Orai and TRPC channels but does so by different mechanisms. Although the STIM1 SOAR
domain mediates the binding of STIM1 to both channel types, SOAR is sufﬁcient to open the Orais
but the STIM1 polylysine domain mediates opening of the TRPC channels. This short review dis-
cusses recent ﬁndings on how STIM1 gates and regulates the Orais and TRPCs, and how the
STIM1/Orai1/TRPCs complexes may function in vivo to mediate SOC activity.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Ca2+ signal evoked by G protein-coupled receptor or tyrosine
kinase receptor activation of phospholipase C is initiated by Ca2+ re-
lease from the ER and is rapidly followed by activation of plasma
membrane Ca2+ inﬂux channels [1–3]. The same Ca2+ channels can
be activated by passive depletion of ER Ca2+, for example by Ca2+
ionophores or by inhibition of the ER Ca2+ pump (SERCA), and are
therefore called store-operated Ca2+ channels (SOCs) [3]. The SOCs
have many cellular functions and play a central role in various cell
pathologies [3–7]. By virtue of supplying the cells with Ca2+ to sus-
tain the physiological response of Ca2+ oscillations, the SOCs impact
every cellular function mediated by Ca2+. In addition, Ca2+ inﬂux by
the SOCs reﬁlls the storeswith Ca2+ when stimulation is terminated.
SOCs-mediated Ca2+ inﬂux also regulates apoptosis [3] and aberrant
Ca2+ inﬂux by the SOCs is common in many disease states. This is
likely due to a sustained elevation of basal Ca2+ concentration that
causes cell stress and activates autophagy and cell death [8,9].
The multiple roles of the SOCs in cell physiology and pathology
focused attention on their molecular composition and theirchemical Societies. Published by E
ns School of Medicine, 905
1205, United States. Fax: +1
iology, University of Texas
lvd., Dallas, TX 75390-9040,
orley), Shmuel.muallem@mechanisms of activation following receptor stimulation.
Approaching these questions on the molecular level became possi-
ble in recent years with the discovery of STIM1 [10,11] and Orai
channels [12–14], and the demonstration that STIM1 is important
for gating of both Orai [14,15] and TRPC channels [16–18]. Several
of these topics have been extensively reviewed in recent years.
Here, we will discuss only recent ﬁndings on the gating of the Orai
and TRPC channels by STIM1.2. Stim1
A key question in the SOC ﬁeld was how information of the ER
Ca2+ content is transmitted to the plasma membrane to regulate
SOC channel opening. This was largely solved with the ﬁnding that
STIM1 is a multidomain, ER resident, Ca2+ binding protein that
opens SOCs [10,11]. Informatics and mutational analyses continue
to discover domains and motifs in the STIM1 molecule that have
speciﬁc roles in opening and regulation of the SOCs. Fig. 1 depicts
the STIM1 domain/motifs identiﬁed to date.
The STIM1 N terminus includes the classical and hidden Ca2+
binding EF hands [19], and a SAM domain that reside in the ER lu-
men. Ca2+ binding to the EF hand(s) maintains STIM1 in a non-clus-
tered form [20] at a distance from the plasma membrane that
prevents interaction with the SOCs [21]. Ca2+ release from the ER
results in clustering of STIM1 [10,11] that is facilitated by the
SAM domain and requires dissociation of Ca2+ from the EF hand
[20]. Although the clustering is not essential for activation of
the SOCs [22,23], it generates ER/plasma membrane Ca2+ inﬂuxlsevier B.V. All rights reserved.
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Fig. 1. The functional STIM1 domains identiﬁed so far include (from the N-terminus) the canonical and hidden EF hands Ca2+ binding domain, STIM1(67–96), which when
bound with Ca2+ prevents oligomerization and clustering of STIM1. The SAM domain, STIM1(132–200), which participates in STIM1 oligomerization and clustering. The
transmembrane domain, STIM1(215–234), which anchors STIM1 in the ER. The ERM domain, STIM1(251–535), which has two coiled-coil domains, STIM1(251–343) and
STIM1(383–389). The second coiled-coil domain is within the SOAR domain, STIM1(344–442). SOAR mediates interaction of STIM1 with the Orais’ C-termini and opens the
channels. CMD/CDI, STIM1(475–483), which together with the Orai1 conserved glutamates and calmodulin binding domain mediates fast Ca2+-dependent inactivation.
Several serines in the S/P domain, STIM1(600–629), and other serine/threonine residues between the CMD/DCI and the S/P domain, are constitutively phosphorylated or their
phosphorylation is altered during the cell cycle. The K-domain, STIM1(672–685), has multiple functions. It stabilizes STIM1 at the plasma membrane, it affects the voltage
dependence of Orai1 when interacting with the Orai1 proline-rich region, and the K-domain gates the TRPC channels by electrostatic interaction with conserved aspartates/
glutamates in the TRPCs C termini.
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65)] appear to participate in clustering and affect the rate of Orai1
activation [25].
The cytoplasmic portion of STIM1 that follows a single trans-
membrane domain has several structural and functional domains
[26]. It begins with an ERM domain [STIM1(251–535)] that starts
with a large coiled-coil domain [STIM1(251–343)]. A glutamate-
rich domain [STIM1(270–336)] is present in the ﬁrst coiled-coil do-
main, the function of which is not yet known. A second short
coiled-coil domain [STIM1(383–389)] is encompassed within a
highly conserved domain named SOAR [STIM1(344–442)] [23]
(somewhat longer domains were named CAD [22], CCb9 [27]) that
binds to and is sufﬁcient to fully activate the Orai channels (see be-
low). SOAR is also the domain through which STIM1 physically
interacts with the TRPC channels (Lee, Yuan et al., unpublished re-
sults), but is not sufﬁcient to open TRPC channels [18,28]. SOAR
acts in combination with STIM1(450–485) to regulate the strength
of SOAR interaction with Orai1 [23,29]. Thus, STIM1(450–470) en-
hances physical interaction of STIM1 with Orai1, while
STIM1(470–485) weakens the interaction. A negatively charged
stretch of seven amino acids just downstream of SOAR that was
named CMD/CDI is required for fast, Ca2+-dependent inactivation
of the Orai channels [30–32].
The next deﬁned cytoplasmic STIM1 domain is a serine/proline-
rich domain (the S/P domain). No function has yet been ascribed to
the STIM1 stretch between the CMD/CDI and the S/P domains. Sev-
eral of the serines in the S/P domain appear to be constitutively
phosphorylated while the phosphorylation of several other serines
changes during the cell cycle [33,34]. In one study no role could be
determined for phosphorylation of the serines [33], whereas an-
other study reported that phosphorylation of these sites inhibits
STIM1 clustering and SOC activity [34]. The role of these phosphor-
ylation sites remains to be clariﬁes since phosphomimetic muta-
tions failed to reproduce the effect of STIM1 phosphorylation on
the cell cycle [33,34]. The kinases phosphorylating STIM1 in vivo
are not known with certainty.
A lysine-rich domain (the K-domain) is present at the most C
terminus of STIM1. The K-domain helps in anchoring the STIM1
to the plasma membrane [35], perhaps by interacting with PIP2
and PIP3 at the plasma membrane [36]. In addition to the anchor-
ing function, the K-domain modulates the voltage-dependence of
Orai1 [23]. More importantly, the K-domain directly gates the TRPC
channels ([18] see below). Structure–function analysis of STIM1
continues to be extensively pursued and, undoubtedly, additional
domains and motifs will be found in the near future.
3. Gating of Orai channels by STIM1
The Orais mediate the Ca2+-release activated Ca2+ (CRAC) cur-
rent. The CRAC current was identiﬁed in RBL cells in 1992 [37],but the molecular nature of the channel mediating this current
was not identiﬁed until 2006 by positional cloning and by genome
screening [12–14]. Shortly thereafter, it was shown that the Orais
are activated by STIM1 [14,15]. Three genes, termed Orai 1, 2, 3,
were subsequently identiﬁed in vertebrates and express closely re-
lated proteins [4,38]. The Orais are four transmembrane span pro-
teins with relatively short N and C termini. Evidence that the Orais
form the CRAC pore includes observations that expression of Orai 1
with STIM1 generates CRAC current [39], and mutations of charged
residues in the transmembrane domains modiﬁes the channel io-
nic selectivity [40–42].
Although several STIM1-Orai1 interacting domains/motifs have
been identiﬁed, it is still not known how STIM1 actually opens the
Orais. Ca2+ store depletion results in co-clustering of STIM1 and
Orai1. Moreover, Ca2+ store-independent clustering of STIM1 was
reported to activate the native CRAC and Orai1 [43]. However, sev-
eral STIM1 mutations allow STIM1 clustering and STIM1-Orai1 co-
clustering but prevent activation of Orai1 by STIM1 [22,23], indi-
cating that STIM1 clustering and STIM1-Orai1 co-clustering are
not sufﬁcient or necessary for activation of Orai1 by STIM1. Impor-
tantly, some of these STIM1 mutants retain the ability to activate
TRPC1 [23], suggesting that the mutations did not simply disrupt
the STIM1 structure.
The ﬁrst indication that opening of Orai1 by STIM1 requires
interaction of the STIM1 coiled-coil domains with the C terminus
of Orai1 was obtained by mutations that are predicted to disrupt
coiled-coil folds of the Orais [44,45]. A key subsequent ﬁnding
was that SOAR within the STIM1 ERM domain [23] and the slightly
longer STIM1 domain CAD and CCb9 [22,27] are sufﬁcient to fully
activate the Orais, indicating that SOAR is the STIM1 domain that
opens the Orai channels and no other interaction is required for
channel opening. Opening of the Orais is mediated by interaction
of SOAR/CAD with the C terminus of Orai1 [22,23,30], while the
Orai1 N terminus is not required for activation of Orai1 by STIM1.
Thus, while deletion of most of the Orai1 N terminus (Orai1(D1–
73)) reduces the rate and the extent of Orai1(D1–73) activation
by STIM1 [23,46], Orai1(D1–73) is fully activated by SOAR/CAD
[22,23]. The critical role of the Orai1 C terminus in opening of
the channel is best illustrated in Fig. 2 (taken from [30]), in which
activation of Orai chimeras by STIM1 and SOAR was examined.
Translocation of the C termini of the Orais translocates the extent
of channel opening. Thus, the Orai1 C terminus was much better
than the native Orai2 and Orai3 C termini in opening these chan-
nels, while the Orai2 and Orai3 C termini poorly open Orai1.
Additional STIM1 domains that regulate Orai1 function are the
K-domain and CMD/CDI domain. Deletion and/or mutation of these
domains does not prevent full activation of the Orais by STIM1, but
does change the regulation of the channels [23,30–32]. The CRAC
current mediated by the Orais is strongly inward rectifying. The in-
ward rectiﬁcation appears to require interaction between the
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Fig. 2. Orai1 C terminus potently opens Orai2 and Orai3. The CRAC current was measured in HEK cells transfected with the indicated chimera. (ai) Shows the current
mediated by Orai2–Orai1CT and STIM1 (d) or SOAR (s). The gray trace shows an example of a typical current mediated by Orai2 + STIM1. (aii) Shows examples I/V for Orai2-
Orai1CT with STIM1 (red) and SOAR (purple). (bi) Shows the current mediated by Orai3-Orai1CT and STIM1 (d) or SOAR (s). The gray trace shows an example of a typical
current mediated by Orai3 + STIM1. (bii) shows examples I/V for Orai3-Orai1CT with STIM1 (blue) and SOAR (green). (ci) Shows the I/V of the current recorded in cells
transfected with STIM1 and Orai3 (blue) or Orai3–Orai1CT (red) activated by 50 lM 2-ABP and (cii) shows the mean ± S.E.M. of four experiments at each condition. (d) is the
mean ± S.E.M. of 4–6 experiments of the current density recorded under the indicated conditions.  denotes P < 0.01 relative to the respective control (reproduced from [30]).
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N terminus [23]. Mutation of the pair of prolines 3, 5 or prolines 39,
40 of Orai1 markedly reduces the Orai1 current at negative volt-
ages. This effect is eliminated by deletion of the K-domain or muta-
tion of any lysine within the STIM1 K-domain [23].
The native CRAC current is inhibited by intracellular Ca2+. Two
forms of inhibition by Ca2+ have been described; fast and slow
Ca2+-dependent inactivation [47,48]. The mechanism of slow
Ca2+-mediated inactivation is not known. Fast Ca2+-dependent
inactivation (FCDI) is mediated by Ca2+ entering the channel that
generates a Ca2+ microdomain next to the channel pore [3,47–
49]. Ca2+ in this domain is regulated by the energetic state of the
mitochondria [48,50] and by the glycolytic product and mitochon-
drial substrate pyruvate [49]. Interestingly, FCDI is speciﬁc to each
Orai isoform and is affected by the Orai:STIM1 ratio. At a 1:1 plas-
mid expression ratio of Orai and STIM1, FCDI is most prominent
with Orai3, less with Orai2 and is minimal, if any, with Orai1
[23,30,39]. The isoform-speciﬁc FCDI is determined by conserved
C-terminal glutamates in Orai2 and Orai3 that are only partially
conserved in Orai1 [30]. Additional potential determinants of FCDI
may be present at Orai1(284–301) since truncation of Orai1 at res-
idue 283 increases FCDI [30]. The minimal FCDI of Orai1 becomes
very prominent at 1:4 Orai1:STIM1 ratio [51]. Whether the Orai:S-
TIM1 ratio affects FCDI of Orai2 and Orai3 is not known at present.
Recent work showed that STIM1 cooperates with Orai1 to medi-
ate FCDI. A STIM1 sequence just C-terminal of SOAR
(STIM1(475DDVDDMDEE483)) has a cluster of seven negative
charges (highlighted) and was found to be critical for FCDI. Neu-
tralization of groups or all the charges markedly reduces or elimi-nates FCDI of Orai1 [30–32] Orai2 and Orai3 [30]. Neutralization of
only STIM1(482EE483) increased the rate of FCDI by an unknown
mechanism [32].
A search for the Orai domains that account for the different
modes of FCDI revealed that the C termini determine the mode
of FCDI. Translocation of the C termini translocated the mode of
FCDI [30]. Further analysis identiﬁed glutamates that are con-
served in the three C termini of Orai2 and Orai3 but not in
Orai1. Neutralization of these glutamates abolished FCDI of Orai2
and Orai3 [30]. An additional Orai1 domain critical for FCDI is a
calmodulin binding site at the N terminus of Orai1 [32]. Muta-
tions that disrupt calmodulin binding to this domain eliminate
FCDI. This domain is completely conserved in Orai2 and Orai3,
suggesting that Orai2 and Orai3 are also regulated by
calmodulin.
Taken together, a model is emerging to suggest that Orai C-ter-
minal glutamates and Orai N-terminus form a site that binds cal-
modulin. Calmodulin may associate with the Orais at the resting
state. The STIM1 SOAR binds to the Orai C termini to open the
channel and present the adjacent STIM1(475–483) to the site
formed by the glutamates and calmodulin binding site to stabilize
and/or allow binding of Ca2+ entering the channels to this pocket. If
calmodulin is not bound to the Orais in the resting state, it is likely
that it is sequestered at a site close to the channel pore to allow the
FCDI, since FCDI is mediated by Ca2+ in close vicinity of the chan-
nel. In this case STIM1(475–483) may facilitate binding of the
Ca2+-bound calmodulin to the Orai1 N terminus after binding of
Ca2+ entering the channel to calmodulin. Further work is needed
to clarify this point.
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TRPC channels also function as SOCs. The role of TRP channels in
Ca2+ inﬂux was discovered in Drosophila with the discovery of the
role of TRPL in the response to light [52,53]. This lead to cloning of
the mammalian TRPC channels, and demonstration that the TRPCs
mediate receptor-stimulated Ca2+ inﬂux [54]. Since these seminal
ﬁndings, numerous studies examined the role of TRPC channels
in both receptor-stimulated and store-dependent Ca2+ inﬂux [55].
Recent studies have revealed that STIM1 regulates TRPC channel
opening, and that TRPCs and Orais are co-functional.
Before the discovery of STIM1 and Orai1, most studies used
knockdown of TRPCs by antisense or siRNA or expression of dom-
inant negative channels to study the function of TRPCs as SOCs. It is
not possible to cite here all these studies, however this was shown
for most TRPCs and the speciﬁc references can be found in several
reviews (for example [3,55,56]). Although many of these studies
supported a role for the TRPCs in SOCs, this appeared to be at least
in part cell or condition speciﬁc.
With the discovery of STIM1, we asked whether TRPC channels
are gated by STIM1. In the ﬁrst studies, it was demonstrated that
STIM1 binds to multiple TRPC channels and gates TRPC1 [16].
Interaction of STIM1 with TRPC1 was conﬁrmed in several subse-
quent studies [57–60]. Interaction of STIM1 with the TRPC chan-
nels is mediated by the STIM1 ERM domain [16]. Importantly,
the cytosolic C terminus of STIM1 was sufﬁcient to activate the
TRPC channels, indicating that no ER resident sequence was re-
quired for gating of the TRPC (and Orai) channels [16]. More re-
cently, we found that SOAR within ERM is the domain that binds
to the TRPC channels (Lee and Yuan et al., not shown).
Regulation of TRPC1 by STIM1 was extended to other TRPC
channels to show that TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6
(but not TRPC7) are gated by STIM1 [17]. However, STIM1 binds
to and appears to directly regulate TRPC1, TRPC4 and TRPC5. On
the other hand, regulation of TRPC3 and TRPC6 by STIM1 appears
indirect and involves STIM1-dependent heteromultimerization of
TRPC1-TRPC3 and TRPC4-TRPC6, in which TRPC1 and TRPC4 pre-
sents STIM1 to TRPC3 and TRPC6, respectively [17]. However,
knockdown of TRPC1 and TRPC4 did not inhibit TRPC3 and TRPC6
activities, but rather, resulted in STIM1-independent activity of
TRPC3 and TRPC6 [17]. This important ﬁnding indicates that TRPC3
and TRPC6 have two operating modes, STIM1-dependent and
STIM1-independent modes. It follows that interaction of STIM1
with these TRPC channels tunes their function as SOCs or as non-
SOCs. Nevertheless, both modes can be activated by receptor stim-
ulation, and the extent of interaction with STIM1 determines
whether they function as SOCs or as purely receptor-stimulated
channels (ROCs). This model predicts that TRPC channel gating asTable 1
Effect of mutation of STIM1(684KK685) and of TRPC1(639DD640) on TRPC1 channel
activity.
HEK cells were transfected with the TRPC1 mutants alone (ﬁrst column) or with the
indicated STIM1 mutants. The results are the mean ± S.E.M. (nP 4 for each condi-
tion) of the current in pA recorded at 100 mV and extracted from the 100 to +100
RAMPs. Highlighted in red are full rescues and in blue partial rescues (reproduced
from [18]).
ND = Not determined.
*P < 0.05 relative to wild-type TRPC1 + STIM1.SOC vs. ROC will be determined by the level of endogenous STIM1
in a given cell type, and may rationalize earlier studies that indi-
cated TRPCs do not contribute to SOC.
Structure function analysis showed that the STIM1 K-domain is
not required for binding of STIM1 to TRPC channels but it is essen-
tial for activation of the TRPCs by STIM1 [16]. In search of a mech-
anism by which STIM1 gates the TRPC channels, we noticed that
the K-domain is predicted to fold as an a helix with the lysines po-
sitive charges on one side of the a helix. We searched for comple-
mentary sequences in TRPC channels and identiﬁed two conserved
negative charges at the end of the a helical TRP box1 [18]. Neutral-
ization or charge swapping of the positive charges in the STIM1 K-
domain or the negative charges in TRPC1 C terminus resulted in
inhibition of channel activity [18]. The key ﬁndings in these studies
was that opposite charges in STIM1 and TRPC1 independent of
charge type always resulted in active channel. This is summarized
in Table 1. Hence, STIM1 lysines and arginines can be matched
with TRPC1 aspartates or glutamates or vice versa to generate ac-
tive channels. On the other hand, charge neutralization or match-
ing positive or negative charges in STIM1 and TRPC1 always
resulted in dead channels (Table 1). These ﬁndings indicate that
STIM1 gates TRPC1 by electrostatic interaction of the positively
charged STIM1 lysines with the negatively charged TRPC1 aspar-
tates. It is likely that the conserved aspartates/glutamates in the
other TRPCs serve similar role. Preliminary results suggest that this
is the case.
A critical question is whether the native, and not only ectopi-
cally expressed TRPCs, can function as SOCs in vivo. Recently, it be-
came possible to address these questions with the development of
mice lacking speciﬁc TRPCs. Indeed, knockout of TRPC4 resulted in
reduced SOC activity in endothelial cells [61] and impaired airway
intercellular permeability [62]. Knockout of TRPC1 markedly re-
duced receptor-stimulated and SOC-mediated Ca2+ inﬂux in sali-
vary gland cells (and in pancreatic acini, Kim et al., unpublished
observation) and receptor-stimulated salivary secretion [63].
Knockout of TRPC3 inhibited receptor-stimulated and SOC-medi-
ated Ca2+ inﬂux in pancreatic and salivary gland acinar and duct
cells, and strongly blunted acute pancreatitis due to excessive
SOC-mediated Ca2+ inﬂux [9]. An elegant recent study showed that
expression of TRPC3 and TRPC6 in skeletal muscle resulted in
marked increase in SOC activity to cause muscular dystrophy. Most
notably, knockdown of TRPC6 in mice lacking dystrophin and dele-
tion of the d-sarcoglycan markedly reduced the augmented SOC
activity and muscular dystrophy in the two mice strains [64].
Although one report claims that knockdown of STIM1 does not
affect the activity of several TRPCs [65], there is now evidence from
several laboratories that STIM1 regulates TRPC channels and medi-
ates their SOC function. These include the following: TRPCs (a)
interact directly or indirectly with STIM1 and the SOAR domain
in the cytoplasmic C terminus of STIM1; (b) activity is reduced in
cells treated with siSTIM1; (c) are inhibited by the dominant neg-
ative STIM1(DERM) and STIM1(DK); (d) are made spontaneously
active by STIM1(D76A) and STIM1-C terminus; (e) are inhibited
by scavenging the native STIM1 with the dominant negative Or-
ai1(R91W) [66]; (f) are inhibited by mutations of the conserved
DD/E in TRPCs C terminus and by mutations in the STIM1 polybasic
domain; (g) the TRPCs(KK) mutants are not active but are rescued
by the STIM1(EE) mutant; (h) at high expression levels
TRPC1(KK)+STIM1(EE) can be activated by passive store depletion
in cells treated with siOrai1 [67]; (i) SOC activity is reduced in cells
treated with antisense or siRNA targeting many of the TRPCs (for
example [68,69]); (j) SOC activity is reduced in cells obtained from
TRPC1/, TRPC3/ and TRPC4/ mice, and deletion of these
genes has the expected physiological phenotype of reduced Ca2+-
mediated function. Together, these ﬁndings indicate that TRPC
channels function as STIM1-gated SOCs.
2026 K.P. Lee et al. / FEBS Letters 584 (2010) 2022–20275. Orai1, TRPC channels and STIM1
Although Orai1 and TRPCs can clearly function independently of
each other, and have distinct channel properties when activated by
STIM1 [18], growing evidence suggests that the native channels ex-
ist with Orai and TRPC in the same complex and that these proteins
may depend on the activity of each other. The ﬁrst suggestion of
biochemical and functional association between the Orai and TRPC
channels was the ﬁndings that transgene expression of low level of
Orai1 in cells stably or transiently expressing TRPC1, TRPC3 and
TRPC6 resulted in enhanced SOC activity [66,70]. Orai1 appears
to interact with both the C and N termini of TRPCs [70]. Further
analysis showed that STIM1 mediates/assembles the Orai1/TRPC1
complex [71,72]. Moreover, knockdown of TRPC1, STIM1 and Orai1
similarly reduced SOC activity, while over-expression of TRPC1 in-
creased SOC activity in salivary gland cells [73].
Further support for the interdependence of TRPC and Orai
channel function was provided by the ﬁnding that functional
SOC formed by TRPC1–STIM1 requires channel-competent Orai1
[67,73]. Hence, knockout of Orai1 or expression of dominant neg-
ative Orai1 reduced TRPC1 activity [67,73]. The reciprocal depen-
dence can also be demonstrated when Orai1 and TRPC1 are
expressed at very low, physiological levels [67]. Expression of
low levels of either Orai1 or TRPC1 in the presence of native STIM1
results in minimal SOC activity and CRAC current. However, when
the same low levels of Orai1 and TRPC1 are co-expressed, normal
SOC activity is restored. Remarkably, restoration of SOC required
both functional Orai1 and functional TRPC1 [67]. Expression level
also affects the function of other TRPC channels. This is the case for
TRPC3 [17,74] and TRPC6 [17]. At high expression levels, their
spontaneous activity increases and they function as STIM1-inde-
pendent channels [17]. As indicated above, STIM1 heteromulti-
merizes the TRPCs by assembling complexes of TRPCs that bind
STIM1 (TRPC1 and TRPC4) with TRPCs that do not binds STIM1
(TRPC3 and TRPC6, respectively) Knockdown of TRPC1 and TRPC4
converts TRPC3 or TRPC6 activity from STIM1-dependent to
STIM1-independent [17]. Hence, the accumulating evidence indi-
cates that several TRPC channels can function both as STIM1-
dependent and as STIM1-independent, depending on the com-
plexes that they form and possibly their cellular localization. In
this respect, two studies examined localization of the TRPC1, Orai1
and STIM1 in cellular microdomains and reported assembly of the
complexes in lipid raft domains [57,72]. Moreover, it appears that
intact lipid rafts are required for the function of TRPC1 as SOC,
whereas TRPC1 complexes outside the lipid rafts may function
as non-SOC channels [57,72]. In the rafts TRPC1 seems to interact
with caveolin in the resting state. Activation of TRPC1 requires dis-
sociation from caveolin to allow its interaction with and activation
by STIM1 [75].
The overall ﬁndings with STIM1, Orai1 and TRPCs suggest that
the stoichiometry of the proteins and the composition of the com-
plexes determine their function as SOCs or as non-SOCs. At physi-
ological expression levels, STIM1, Orai1 and TRPCs appear to exist
in the same molecular complex to function as SOCs. The require-
ment for functional Orai1 and TRPC1 for SOC activity would sug-
gest that Ca2+ entering each of the channels is required to
stabilize the complex and allow its regulation by STIM1. The chan-
nels can also function independently of each other. Orai1 mediates
CRAC current when interacting with STIM1 in the absence of
TRPCs. TRPCs function as SOCs when interacting with STIM1 di-
rectly or with the aid of other TRPCs, but as non-SOCs when not
associated with STIM1. In this manner STIM1 functions to tune
the SOC activity of the TRPCs. To examine this and other scenarios
requires further studies on the relationships between TRPCs, the
Orais and STIM1.References
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